We propose a novel realization of spontaneous supersymmetry breaking in de Sitter vacuum by Fand D-terms in N = 1 four-dimensional supergravity coupled to a chiral superfield with SU (1, 1)/U (1) target space. Our construction features gauged U (1) R symmetry rotating the chiral scalar field by a phase. Both SUSY and R-symmetry can be spontaneously broken, and for two particular parameter choices we obtain no-scale supergravity with positive tunable cosmological constant.
Introduction
Supersymmetry (SUSY) is a compelling idea that is motivated by both phenomenological (Beyond the Standard Model) and theoretical (String Theory) point of view. If nature indeed uses supersymmetry it must be spontaneously broken. In the simplest scenario SUSY breaking happens in the hidden sector and is mediated to the visible sector (Supersymmetric Standard Model) by gravitational interactions. It is therefore of interest to study SUSY breaking in the context of N = 1 four-dimensional supergravity (SUGRA).
On the other hand, according to observations the Universe is currently expanding with acceleration [1, 2] . The simplest way to describe such a universe is by introducing a (very) small positive cosmological constant. In supergravity the task of adding a positive cosmological constant is known to be non-trivial because of the restrictions on the scalar potential imposed by supersymmetry. For example in pure (standard) supergravity one can only have zero (Minkowski vacuum) or negative (anti-de Sitter vacuum) cosmological constant [3] . It is possible to generate a positive cosmological constant if we allow other (non-gravitational) multiplets. One interesting possibility is that the same field(s) that breaks SUSY can also generate the cosmological constant. This is possible, for example, in the simplest Polonyi model [4] [5] [6] .
In this work we will focus on the supergravity non-linear σ-model with SU (1, 1)/U (1) target space. This coset manifold, known as the Poincaré plane, describes hyperbolic Kähler geometry, and often arises in superstring-derived effective SUGRA models where the corresponding scalars are the compactification moduli. Our goal is to find a Poincaré plane model that spontaneously breaks supersymmetry in de Sitter vacuum, i.e. allowing for a positive (tunable) cosmological constant. It turns out, one such class of models is available if we introduce linearly realized gauged U (1) R symmetry. This, of course, adds a gauge (vector) multiplet with its D-term contribution to the scalar potential and SUSY breaking. This paper is organized as follows. In Section 1 we recall basic properties of N = 1 four-dimensional supergravity as well as the SU (1, 1)/U (1) non-linear σ-model. We discuss the two equivalent coordinate choices -one covering the whole Poincaré plane (disk) while the other covering its upper half. In Section 2 we use the fact that the two parametrizations of the plane reveal two different types of U (1) symmetries (linearly and non-linearly realized), to construct new models where the U (1) is linearly realized local R-symmetry. In Section 3 we show that for suitable parameter choices our models spontaneously break SUSY and R-symmetry, and generate tunable cosmological constant. Moreover, we find that in two particular cases the scalar potential becomes flat with positive height (de Sitter no-scale supergravity). Section 4 is devoted for discussion and conclusion.
N = D = 4 supergravity and the Poincaré plane
Let us briefly review the general features of the standard four-dimensional N = 1 supergravity. Its bosonic sector is described by the action (we use Planck units, κ = 1, unless otherwise stated) 1
whose the F-and D-type scalar potentials are given by
is the field strength of a vector (gauge) field A A m , g is the gauge coupling, and D A are Killing potentials of the gauged isometries of the Kähler manifold. We use the notation
as the gauge group indices. The gauge-covariant derivatives of the charged scalars are
where X i A are the corresponding Killing vectors. The action (1) is invariant under combined Kähler-Weyl transformations
where Σ is an arbitrary chiral scalar field. Killing potentials can be related to Killing vectors by the expression
where the superpotential-dependent term is present whenever R-symmetry is gauged, and is known as the Fayet-Iliopoulos term (of gauged R-symmetry) in supergravity. SUSY is spontaneously broken whenever auxiliary F and/or D fields, satisfying
acquire non-vanishing VEVs. When SUSY is broken gravitino becomes massive absorbing the goldstino.
In the Lagrangian the gravitino effective mass appears as
In Minkowski background the VEV of m 3/2 is the physical gravitino mass, however in more complicated backgrounds physical mass differs from the "Lagrangian" mass given by Eq. (9) . Throughout the paper we will use the term "gravitino mass" in the sense of Eq. (9). 2 Then, m 3/2 can be zero even when SUSY is broken. As regards the Poincaré plane, it can be described by the Kähler metric in terms of the half-plane coordinate T (a complex scalar in spacetime) as
with some positive real number α that determines the Kähler curvature, R K = −2/α. Alternatively, the same metric can be defined using the disk coordinate Z,
2 One can borrow the notion of the physical gravitino mass from AdS supergravity as m 2 3/2,phys = m 3/2 2 + V0/3 (see e.g. [8] and Refs. therein). In (pure) AdS supergravity the cosmological constant is V0 = −3 m 2 3/2 and the physical mass vanishes.
The two metrics are related by the Cayley transformation
The metric (11) can be obtained from the Kähler potential K = −α log(1 − ZZ). Under the transformation (12) it becomes
plus an irrelevant constant. The last two terms can be absorbed into the superpotential by the Kähler-Weyl transformation (5) with Σ = −α log(T + 1). To summarize, assuming the general superpotential W = W (Z), the transformation (12) followed by the Kähler-Weyl rescaling takes the Z-parametrization of the Poincaré plane to the (equivalent) T -parametrization as follows
The Poincaré plane has a wide range of applications in phenomenology. For example, the choice K = −3 log(T + T ) and W = W 0 (W 0 is a constant) corresponds to the simplest no-scale supergravity [9] [10] [11] . Using the inverse transformation of Eq. (12) the no-scale model can be expressed in terms of the disk coordinate Z as K = −3 log(1 − ZZ) and W = W 0 (Z − 1) 3 .
In the both coordinate choices (T and Z) the complex scalars can be parametrized in such a way that one of their two real components is canonical. T can be parametrized as
where the real scalar ϕ is canonical, while t (also real) is not -its kinetic term is coupled to ϕ. The disk coordinate Z can be parametrized e.g. in a polar form,
where φ is the canonical scalar controlling the absolute value of Z, and ζ is the scalar controlling its angle. This parametrization of Z will be useful in the following sections.
2 Gauged R-symmetry in SU (1, 1)/U (1) models U (1) gauge theories in the context of SU (1, 1)/U (1) models are often considered as half-plane models with the Kähler potential
where the symmetry under imaginary shifts of T is gauged. The local shifts can be written as
is the gauge parameter and q T is the corresponding U (1) charge of T . The Killing vector must satisfy the relation δT = θX T , thus X T = iq T . If we want to promote this gauge transformation to a local R-transformation, superpotential must transform as
where q is the U (1) R charge of the superpotential. If there are no other chiral fields in the model, the superpotential is fixed as W = µe −ξT with some real constant ξ and complex constant µ. From the transformation property (18) we obtain the relation ξ = q/q T . Eq. (6) in this case yields
which makes it clear that ξ is exactly the FI term of gauged R-symmetry that we mentioned earlier.
If we switch to the Z-parametrization of the Poincaré plane with
the phase symmetry of Z becomes the simplest choice for gauging. I.e. we can introduce the gauge transformation Z → Ze −iq Z θ , where q Z is the U (1) charge of Z, with the corresponding Killing vector X Z = −iq Z Z. Promoting this transformation to an R-transformation, as usual, requires that the superpotential transforms as in Eq. (18). This fixes the superpotential as W = µZ n where n = q/q Z .
To avoid negative powers of Z in the action n must be greater or equal to one (unlike negative powers of T in the half-plane case, negative powers of Z lead to singularities as can be seen from parametrizations (15) and (16)). The Killing potential now takes the form
with n as the FI term. Let us investigate this setup in more detail.
Properties of the scalar potential
Our model of interest is defined by 3
The superpotential is fixed by requiring R-symmetry, and for simplicity we put n = 1 and q = q Z = 1 (the notation is the same as in the previous section). Also, without loss of generality we can consider µ to be real. Upon gauging the R-symmetry the Killing potential (21) is generated. After choosing the simplest gauge kinetic function f = 1, we calculate the full scalar potential
where for convenience we introduced the notation z ≡ |Z|. When using the parametrization (16) the angular mode ζ conveniently drops out of the scalar potential, and z = tanh φ √ 2α . We can find critical points of the potential by studying the equation
Regardless of the value of α there is always a critical point at z = 0, where the scalar potential reduces to
Whether or not there are other critical points depends on the choice of α. For example we consider the integer values α = 1, 2, 3, 4. In this case the equation for critical points other than z = 0 reduces from Eq. (26) to
Here the solution for Eq. (28) is z 2 = 1 − g 2 2µ 2 . This solution is valid if 2µ 2 > g 2 in which case it corresponds to two minima (with Z 2 symmetry) while z = 0 is a local maximum. Then the R-symmetry is spontaneously broken due to non-vanishing superpotential, while SUSY is broken due
and the following cosmological constant is generated,
so that we have AdS minimum if 3g 2 < 2µ 2 , Minkowski minimum if 3g 2 = 2µ 2 , and dS minimum if 6µ 2 > 3g 2 > 2µ 2 (the first inequality ensures z 2 > 0). These conditions show that if we want Minkowski or de Sitter vacuum, both F -and D-term contributions (29) to SUSY breaking must be comparable in magnitude. As U (1) R is spontaneously broken, the Killing vector X Z = −iZ is non-vanishing at the minimum. This generates a mass term for the gauge boson proportional to g 2 Z 2 , as can be seen from Eq. (4), while the goldstone mode ζ can be gauged away. As for the mass of the canonical scalar φ, after introducing its excitation δφ ≡ φ − φ 0 and expanding the potential around the minimum, it reads
which is positive since 2µ 2 > g 2 , and is twice the gravitino mass, m δφ = 2 m 3/2 . In order to describe dark energy, V 0 must be positive and very small, namely V 0 ∼ 10 −120 in Planck units. From Eq. (31) it is clear that this can be achieved in two ways. The first option is to set µ 2 ∼ 10 −120 , which will also force g 2 ∼ 10 −120 as required by the dS condition 6µ 2 > 3g 2 > 2µ 2 . This is phenomenologically problematic, as it means that SUSY breaking scale is of the same order as the dark energy scale. A more viable option is the fine tuning of the difference 3g 2 − 2µ 2 so that it almost vanishes. This does not require the individual parameters g and µ -and thus the SUSY breaking scale -to be small. The relation 3g 2 ≈ 2µ 2 then simplifies the gravitino and scalar masses as
When 2µ 2 ≤ g 2 the solution z 2 = 1 − g 2 /(2µ 2 ) does not exist and the point z = 0 is the global minimum (with no other critical points). In such case SUSY is broken by F = µ and D = g while R-symmetry is restored at the minimum since the superpotential vanishes. This means that the gravitino mass m 3/2 , as well as the masses of the U (1) R gauge boson and the ζ scalar, are zero. This scenario is not viable from phenomenological point of view because there is a massless scalar in the spectrum, and the scales of SUSY breaking and the cosmological constant are identified. α = 2. In this case z = 0 is the only critical point: if 2g 2 > µ 2 it is a de Sitter minimum (with broken SUSY and unbroken R-symmetry), if 2g 2 < µ 2 it is a maximum and the potential is unbounded from below. When 2g 2 = µ 2 , however, the potential is flat -we have a no-scale model in de Sitter spacetime with the cosmological constant V = 3g 2 /2. The VEVs of F -and D-terms are
where z 0 (the VEV of z) is arbitrary at the classical level. Thus, SUSY and R-symmetry are broken (as long as z 0 = 0). The fact that z 2 = tanh 2 (φ/ √ 2α) has the range 0 ≤ z 2 < 1 implies that
Small cosmological constant requires proportionally small g 2 . Then F must also be small because it is proportional to g, but D can take large values if z 2 0 is close to one. The same is true for the gravitino mass,
(37) α = 3. Similarly to the α = 2 case, when α = 3 there is only one critical point, z = 0, and if 9g 2 > 2µ 2 it is a dS minimum, whereas if 9g 2 < 2µ 2 it is a maximum. If 9g 2 = 2µ 2 we once again arrive at a no-scale de Sitter model, this time with the cosmological constant V = 2g 2 . The auxiliary fields and the gravitino mass at the minimum are
and have the following range
while m 3/2 can take any value from zero (when z 0 = 0) to infinity (when |z 0 | → 1). Unlike the previous case, here both F and D can be large regardless of the value of g, if z 0 is close to one. However, in both α = 2 and α = 3 cases the D-term VEV necessarily dominates, D F . α = 4. In this case Eq. (28) is solved by
This is complemented by the condition
that ensures that z 2 > 0. The cosmological constant corresponding to this minimum reads
If we require V 0 to be very small, the only choice is g 1, because the cancellation 9µ 2 − 32g 2 ≈ 0 is incompatible with the condition (43).
F-/D-terms and the gravitino mass are non-vanishing,
Since A ranges from zero to one, we have
Also F > D / √ 2, due to the condition (43). If g 1, as required to describe dark energy, D becomes small, but there is still a freedom to control F and m 3/2 by choosing the parameter µ. In particular, the gravitino mass (46) can be expanded in the limit g → 0 (or A → 0) as
As regards the scalar mass, it reads
where A is defined in Eq. (42). In the limit of vanishing g, it becomes m 2 δφ ≈ m 3/2 2 ≈ 27µ 2 /16. For illustration purposes we provide the plots of the scalar potential for α = 1, 2, 3, 4 in Figure 1 .
Discussion and conclusion
We constructed new models of spontaneous supersymmetry and R-symmetry breaking, based on N = 1 four-dimensional supergravity coupled to a chiral multiplet with SU (1, 1)/U (1) (Poincaré plane) target space. The crucial part of our construction is gauged U (1) R symmetry that acts linearly on the Poincaré disk variable Z. This allows for SUSY breaking in de Sitter vacuum for appropriate parameter ranges.
More specifically, we considered the Kähler potential and superpotential
with α = 1, 2, 3, 4 as particular examples. We found that when α = 1, 4, SUSY and R-symmetry are spontaneously broken provided that 2µ 2 > g 2 (if α = 1) and µ 2 > 8g 2 (if α = 4). In both cases positive cosmological constant can be generated. For α = 2 and α = 3 the situation is different -for the specific choices µ 2 = 2g 2 and 2µ 2 = 9g 2 , respectively, we have flat potentials with positive tunable height. Consequently, the VEV of Z is classically undetermined (to be fixed by perturbative corrections), and the SUSY breaking scale is arbitrary (with some restrictions), i.e. these two cases are examples of de Sitter no-scale supergravity. The physical spectrum of the models (after SUSY and R-symmetry breaking) consists of a massive vector, massive spin-1/2 field, and a massive real scalar. The spin-1/2 field is a linear combination of the chiral fermion χ (superpartner of Z) and the gaugino λ, orthogonal to the goldstino. The χ and λ have U (1) R charges q(χ) = q(λ) = 1/2, and therefore the pure model contains anomalies that must be cancelled after including the Supersymmetric Standard Model (SSM) and other possible fields. Also, the U (1) R gauge symmetry introduces a non-trivial task of assigning appropriate R-charges to the fields. For example, if the full superpotential is the sum µZ + W SSM , then the Standard Model R-charge assignments can be done along the lines of Ref. [13] . Alternatively, W SSM can be coupled to some power of Z and thus carry different R-charge, or even be neutral.
We also checked whether or not viable single-field (hilltop) inflation can be realized with the models where α = 1 and α = 4. Unfortunately, it does not seem to be possible because the curvature of the potential around its maximum is too large. To be specific, for α = 1 the slow-roll parameter η i is
taken at the initial value of φ which we assume to be φ i ≈ 0 (close to the maximum of the potential). Meanwhile the parameter
can be made small if the initial value of φ is close enough to zero. This means that the spectral tilt n s = 1 + 2η i − 6 i takes the value n s ≈ −1 that is incompatible with CMB data, n s ≈ 0.965 (see e.g. PLANCK 2018 results [14] ). On the other hand, the α = 4 case predicts smaller value of η i , namely η i ≈ −0.5, but the tilt becomes n s ≈ 0 which is still unsatisfactory. The situation is somewhat similar to the construction of Refs. [15, 16] where the Kähler potential is canonical, while superpotential is linear due to the requirement of local R-symmetry. In this model viable hilltop inflation becomes possible only after including higher-order corrections to the Kähler potential. It is therefore of interest to continue the investigation of inflationary scenario in our models after including corrections/modifications to the Kähler potential, compatible with local R-symmetry.
